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Abstract
Hybrid renewable energy systems are considered as a delightful alternative power supply for isolated rural areas and remote
locations. In this paper, only the wind conversion part from hybrid system has been interested. In order to keep our focus
on control strategy due to its important advancements in satisfying power in wind turbines, the dynamic output control law is
developed such that it can guarantee a certain level of performances especially in the transitory domain besides providing adequate
precise in voltage-reference tracking. The suﬃcient conditions for output feedback stabilizing designed controller are given in
terms of solutions to a linear matrix inequality (LMI). The numerical illustrations and some simulation results are presented to
visualize the feasibility of the proposed control strategy.
c© 2015 The Authors. Published by Elsevier Ltd.
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1. Introduction
Challenges related to management of current world energy resources such as demand response, energy eﬃciency
and justify increased energy consumption due to population growth, impose an imperative necessity to leap forward
toward renewable energy resources. Renewable energy resources are generally called sustainable or alternative energy
that comes from naturally replenished resources such as sunlight, wind, tides, hydro, biomass and geothermal heat.
Nowadays, renewable energy resources can be technically reliable options in local power supply for developing coun-
tries. In isolated rural areas and remote villages, transmission and distribution of energy produced from renewable
energy locally can oﬀer a viable alternative [1]. Combinations of diﬀerent renewable energy resources are mutually
complementary in order to raise eﬃciency and assure supply without considering intermittence of isolated areas. The
popularity of hybrid systems uses in recent years has been proposed in [2], [3], [4], [5], [6] and [7]. Hybrid renewable
energy systems are generally proposed as green and reliable power systems for remote areas, therefore, geographi-
cal and meteorological conditions of the installed regions should be taken into account. In this type of management
systems used for isolated houses, three important steps play a key role for reliable power supply acquisition, includ-
ing power prediction model, power management algorithm and converter control of voltage. In general case, hybrid
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renewable energy systems are complex which lead to nonlinear models. Therefore, linear representations provide a
powerful tool of analysis and design for nonlinear control systems. In this way, several models could be presented in
state space form, which is known as multi-model or polytopic representations. In addition many control techniques
exist based on state [8] and output feedback control design [9]. The authors of [8] presented an optimal management
strategy based on state space and applied to a wind/photovoltaic panel/battery and diesel engine stand-alone system.
In [10], Dahmane et al presented a control of wind conversion system operate in stand-alone multi-sources system
by using a robust control approach with pole placement constraints and LMI techniques for the boost converter. In
[11], fault tolerant control for a wind conversion system based on stochastic piecewise aﬃne model and output feed-
back with observer was investigated. In [9], robust dynamic output feedback control synthesis with pole placement
constraints for oﬀshore wind turbine systems based on linear condition with aﬃne representation was designed. The
technique of this reference need speciﬁc modeling and seems to be adaptive with presented system which cannot be
suitable for other models. In this paper, wind turbines control strategy is interested. Wind turbines are complicated
mechanical systems. Nonlinear characteristics of wind turbines make them as a challenging task both to model and
control. Therefore, multi-model representations in state space form are very beneﬁcial in wind turbine operations. In
this work, robust dynamic output feedback control technique based on multi-model representation will be presented.
The presented paper is organized as follows: In section 2, the global hybrid system considering the wind part
covered in this work is described. In section 3, control strategies of the wind conversion system especially focused on
dynamic output control design are established. Transitory performances, LMI regions and closed loop model are also
presented. In section 4, numerical illustrations and some simulation results are presented. Finally, section 5 gives our
conclusions.
Notations : O and I are respectively the null matrix and the identity matrix with approriate dimensions. ⊗ repre-
sents the Kronecker product.
2. Problem formulation
2.1. Hybrid system
Stand-alone hybrid generation systems play a vital role in satisfying supply power in isolated rural areas or remote
locations interconnected to a weak grid. The combination of the several generation modules can be easily assimilated
by diﬀerent renewable energy sources such as wind generator (WG), photovoltaic panel (PV), battery storage (BS)
and diesel engine (DE). The architecture of the global power hybrid system is described as Figure 1, in which WG is
based on permanent magnet synchronous generator (PMSG) and three phase rectiﬁer converter connected to the DC
bus, BS is used to overcome periods of poor production and DE is used as a backup source [8]. PMSG is well-known
for wind conversion systems, particularly for small variable-speed turbines due to their advantages over others such
as gearless operation, higher eﬃciency, higher power density, higher power factor, larger power-to-weight ratio and
less maintenance [12] [13].
As previously mentioned, this presented topology uses WG as a main energy sources. The wind conversion system
used in this study consists of a small wind turbine coupled with permanent magnet synchronous generator of 1kW,
diode rectiﬁer and boost converter connected to the dc bus. The generator output voltage and frequency varies ac-
cording to wind speed which are rectiﬁed using a diode bridge, then the rectiﬁer output feds a boost converter which
allows changing the voltage of output of rectiﬁer. Here, the output of the boost converter is connected to the 100V DC
bus. Figure 2 shows schematic of wind conversion system based on PMSG.
2.2. Boost DC-DC converter
The models of the PMSG generator and the diode rectiﬁer are not detailed in this work but the reader can refer to
[10]. The standard DC/DC boost converter used in this study consist of
• a power transistor T and a rectifer diode D (threshold voltage v) constituting the switching-mode power device,
• a smoothing inductance L (internal resistance rL),
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Fig. 1. Architecture of the power hybrid system.
Fig. 2. Wind conversion based PMSG.
• a ﬁltering voltage capacity Cd, a bus capacity Cbus and the load R.
The output voltage vbus is produced at a level higher than its input voltage vd. According to the required wind
power, it is about controlling the input voltage vd by controlling the duty cycle u of the switch.
During a switching cycle, two electric models can be described:
• u=0 : The power swithch T is oﬀ and D is on
• u=1 : The power swithch T is on and D is oﬀ
The average electrical model (1) can be deduced.
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
vd(t) − LdiL(t)dt − rLiL(t) − (1 − u)(vbus(t) + v) = 0
Cd
dvd(t)
dt
= id(t) − iL(t)
(1 − u)iL(t) = vbus(t)R +Cbus
dvbus(t)
dt
(1)
Consider xs = [iL(t), vd(t), vbus(t)]T ∈ R3 as the state vector, A ∈ R3x3 the state matrix, B1 ∈ R3x1 the input matrix,
C2 ∈ R2x3 the output matrix and ω = [v, id(t)]T ∈ R2x1 the matrix of exogenous inputs. B2 ∈ R3x2 and C1 = I3 are the
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Fig. 3. Control strategy of the wind turbine.
matrices that represent the transfer between ω and z. Then the following state-space model can be considered:
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
x˙s = A xs + B1 u + B2 ω
=
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
− rL
L
1
L
− 1
L
− 1
Cd
0 0
1
Cbus
0 − 1
RCbus
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
xs +
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
vbus(t) + v
L
0
− iL(t)
Cbus
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
u +
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
− 1
L
0
0
1
Cd
0 0
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
ω
z = C1 xs = I xs
y = C2 xs =
(
0 1 0
0 0 1
)
xs
(2)
u ∈ [0, 1] is the control input corresponding to the mean value of the duty cycle.
It is important to note that the current iL(t) is not accessible to measurement. Secondly, the control matrix B1
depends on the voltage vbus(t) and the current iL(t) which are time varying. Finally, the state matrix A depends on the
load R which varies according to consumed power.
In order to take this time varying aspect into account, we deﬁne ρ(t) = [iL(t) vbus(t) R(t)] ∈ Ω is a time varying
3-dimensional parameter vector, where
Ω = [iL; iL] × [vbus; vbus] × [R;R] ∈ R3 (3)
is a closed hypercube and Vbus < vbus(t) < Vbus, iL < iL(t) < iL and R < R(t) < R .
3. Dynamic output control design
3.1. Control approach
Control systems oﬀer important advancements in fulﬁlling local power and load alleviation goals in wind turbines.
The control strategy treated in this work is illustrated in following Figure 3:
The transparent pink areas of Figure 3 represent global control strategy which consists of prediction system, refer-
ence calculation and dynamic output control. In [8], according to temperature, irradiance and wind speed, the predic-
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tion system management had been applied, which leaded to make ANFIS algorithm to predict Pre f , moreover refer-
ence calculations had been derived based on Vdre f which is deﬁned as a relationship between Pre f (Vdre f = f (Pre f )),
dealt with tracking reference power of a PMSG wind conversion system. On the other hand, another control loop is
needed to maintain the DC bus voltage to its nominal value (Vbus = 100V). The performance of designed controller is
important for such a wind conversion system because the track of voltage references has to be as precise as possible.
In this work, the dynamic output control law is developed such that it can guarantee a certain level of performances
especially in the transitory domain, in term of response time and damping ratio.
3.2. Control objectives
The management algorithm generates, for each energy source, a reference power to deliver. This results, at the
local level (here wind chain) in voltage reference tracking problems in the presence of disturbances ω. It can be
illustrated by the Figure 4.
Fig. 4. Dynamic controller design
The process is modeled by (2) whereas the dynamic controller is represented by a nk-order state space model
presented in (4){
x˙k = Akxk + Bkξ
u = Ckxk + Dkξ
(4)
where Ak, Bk, Ck and Dk are scalar to be determined, modeling the dynamics of the controller.
The following augmented model is then considered:⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
x˙ =
[
x˙s
x˙k
]
=
[
A(ρ(t)) O
−Bk Ak
] [
xs
xk
]
+
[
B1(ρ(t))
O
]
u +
[
O
Bk
]
yre f +
[
B2(ρ(t))
O
]
ω
y =
[
C2
O I
]
x = C x
(5)
where x ∈ Rn+nk is the state vector.
Considering the expression of u given by (4) with (5), it comes⎧⎪⎪⎪⎨⎪⎪⎪⎩
x˙ =
[
x˙s
x˙k
]
=
[
A(ρ(t)) − B1(ρ(t))Dk B1(ρ(t))Ck
−Bk Ak
] [
xs
xk
]
+
[
B1(ρ(t))Dk
Bk
]
yre f +
[
B2(ρ(t))
O
]
ω
y = C x
(6)
which can also be written as follow:
x˙ =
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝
[
A(ρ(t)) O
O O
]
︸︷︷︸
+
[
B1(ρ(t)) O
O I
]
︸︷︷︸
[−Dk Ck
−Bk Ak
]
︸︷︷︸
[
C O
O I
]
︸︷︷︸
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠ x+
[
B1(ρ(t)) O B2(ρ(t))
O I O
]
︸︷︷︸
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
Dkyre f
Bkyre f
ω
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
︸︷︷︸
A B K C J W
(7)
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W ∈ Rm+nk+q is the disturbance vector to be rejected. It is then question of computing the dynamic controller
matrices Ak, Bk, Ck and Dk represented by K, guaranteeing both the asymptotic stability of the closed loop system
(Acl = A + BKC), but also disturbance rejection and some transient performances such as response time and/or
damping ratio. This results in a pole placement problem. The eigenvalues of the closed loop state-space matrix Acl
must be localized in some regions of the left complex half-plane, like excentred half-plane (for performance related
to response time) or sector (for performance related to damping ratio) for example.
LMI-regions are considered in this work. These regions are denoted byD and correspond to the LMI formula-
tion [14] now recalled:
The complex numbers z = x + iy belonging to a LMI-region of degree d is deﬁned as
D =
{
z ∈C|α + β z + βT z′ < 0
}
(8)
with α = αT ∈ Rd×d and β ∈ Rd×d.
3.2.1. Polytopic representation of the closed-loop model
According to (3), the state-space model (7) can be expressed in the following polytopic form:{ ˙x(t) = ∑Ni=1 θi(Ai + BiKC)x(t) + JiW(t))
y(t) = Cx(t) (9)
with⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩
N = 2κ is the number of vertices of the polytope (here N = 8)
κ is the number of varying parameters (here κ = 2)∑N
i=1 θiAi = A = A(θ), θ = Θ∑N
i=1 θiBi = B = B(θ)∑N
i=1 θi Ji = J = J(θ)
(10)
where
Θ =
{
θ ∈ RN : ∑Ni=1 θi = 1 , θi ≥ 0 } (11)
θi are the barycentric coordinates whereas Ai, Bi and Ji are matrices with appropriate dimensions which are the
vertices of the polytope.
3.2.2. A LMI condition for dynamic controller design
Consider the uncertain linear model given by (9), (10) and (11) and a LMI-region D given by (8). There is a
dynamic controller deﬁned as in (4) such that Acl(θ) =
∑N
i=1 θi(Ai + BiKC) is D-stable and maximizing the transfer
matrix Ω =
z(t)
W(t)
such that ΩTΩ ≤ ρ2 if there is a solution to the convex optimization problem
min γ
Xi,G,R
(12)
that satisﬁes the LMI conditions (13)
Υi < 0, ∀i ∈ {1, ..,N} (13)
with Υi given by (14)⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
α ⊗ Xi + H (Id ⊗ (AiG) + β ⊗ (BiR)) βT ⊗ Xi + Id ⊗ (AiG) − Id ⊗GT Id ⊗GT Id ⊗ Ji
• −Id ⊗ (G +GT ) Id ⊗GT Odn,dq
• • −Id(n+nk) Odr,dq
• • • −γId(m+nk+q)
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ < 0 (14)
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and where Xi, G and R are deﬁned as in (15)⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
Xi = XTi > 0, Xi ∈ Rn+nk ,
G =
[
G1 O
O G2
]
, G1 ∈ R(n−p)×(n−p), G2 ∈ R(nk+p)×(nk+p)
R =
[
O R1
]
, R1 ∈ R(m+p)×(nk+p)
(15)
A dynamic state feedback controller given by:
K =
[−Dk Ck
−Bk Ak
]
= R1G−12 (16)
guarantees theD-stability for all ‖Ω‖2 ≤ ρ = γ− 12 .
Remark : H (•) = • + •T and • notation in block (i, j) represents the transposed term of block ( j, i).
Proof: [15]
Note ﬁrst that, for any vector barycentric coordinates θ ∈ Θ, Υ = Υ(θ) =
N∑
i=1
θiΥi is negative since θi ≥ 0 ∀i ∈ {1, ..,N}.
Then it comes:
Υ =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
α ⊗ X + H (Id ⊗ (AG) + β ⊗ (BR)) βT ⊗ X + Id ⊗ (AG) − Id ⊗GT Id ⊗GT Id ⊗ J
• −Id ⊗ (G +GT ) Id ⊗GT Odn,dq
• • −Id(n+nk) Odr,dq
• • • −γId(m+nk+q)
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ < 0 (17)
where
X = X(θ) =
N∑
i=1
θiXi  0.
Let consider
S =
[
Idn Id ⊗ AS Id ⊗ JΩ O
O O O Id(m+nk+q)
]
(18)
where the matrix KS stabilizes the pair (A,B) such that AS = A + BKS is D-stable. Left and right multiply (17),
respectively by S and S T leads to:[
α ⊗ X + H (β ⊗ (ASX + BR)) − Id ⊗ JΩΩTJT Id ⊗ J
Id ⊗ JT −γId(m+nk+q)
]
< 0 ∀θ ∈ Θ (19)
By applying Schur’s lemma and considering ρ = γ−
1
2 , it comes:
α ⊗ X + H (β ⊗ (ASX + BR)) − Id ⊗ JΩΩTJT + Id ⊗ ρ2JJT < 0 (20)
Since ΩTΩ ≤ ρ2, it comes
α ⊗ X + H (β ⊗ (ASX + BR)) < 0 (21)
Inequality (21) is a D-stability condition of AS corresponding to a dual form of the generalized Lyapunov in-
equality. Then, the particular forms of G and R matrices given by (15) lead to a state feedback matrix gain such
as
KS =
[
O K
]
(22)
SincethenullcolumnsofKS correspondtothenon-measurablestateparameters,itmeansthatAcl=A+BKCisD-stable
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Parameter Value Unit
Cd 1.0 mF
L 0.165 mH
rL 0.05 Ω
Cbus 153.75 μF
f 20 kHz
[Vbus;Vbus] [80;120] V
[iL; iL] [0;10] A
[R;R] [10;100] Ω
Tab.1 Boost converter parameter values
4. Numerical illustrations
In this section, simulation results are accomplished to clarify the applicability of the proposed methods presented
in this study. The system simulation is obtained considering the expressions presented in previous sections. Boost
converter and control algorithms are also implemented and included in the model. From a predictive tool, based on
ANFIS algorithm [8], that estimates the wind speed and the consumed power, we are able to know at any moment the
wind energy potential (PW ) and that of the load (P). According to these estimates, the prediction system generates a
reference power Pre f to be generated by the conversion system in the DC bus. Measuring the rotational speed of the
wind turbine (ωm) is then used to calculate the reference voltage to track at the boost-converter input (Vdre f ). On the
other hand, it is also question to regulate the DC bus voltage such as Vbus = 100V . The calculation of the reference is
updated every second. To showcase our robust control tool, we considered a short scenario of just 5 seconds. It allows
to show the good performances of the controller, especially during the transient phases of the response.
The simulation and numerical illustrations of the wind conversion system is carried out using Matlab/Simulink and the
parameter values are given by the Table 1. By considering complexity in system, model and polytopic uncertainties
besides considering complexities in LMI regions, could be lead to unsolvable problems. In the presented project, due
to choosing complex system with complex model and polytopic uncertainties as well as large domain of variations for
all varying parameters (Vbus, iL and R), simplest LMI region, complex half-plane, with α = 0 and β = 1 (given by
(8)) has been preferred. By solving the optimization problem deﬁned by (12) with LMI-conditions (14) we obtain
the following dynamic controller gains
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
x˙k =
[−0.2280 −0.0053
−0.0054 −0.2205
]
xk +
[
44.8844 1.9161
30.7799 3.5324
]
ξ
u =
[
0.0237 0.0083
]
xk +
[
0.0047 −0.0110
]
ξ
(23)
The corresponding robustness bound obtained according to the optimization problem is ρ = 0.0585.
The power regulation obtained by simulation is given in Fig. 5 whereas the input boost voltage regulation is shown
by Fig. 6. The controller performance is quite good regarding the tracking of the reference power and input boost
voltage since the absolute average tracking error are 1.24% for P and 0.76% for Vd.
We can also remark the presence of power peaks, especially at time t = 4s where the tracking error is about 790W.
Sector or disk, as LMI-region, could reduce this power overshoot but the optimization problem resulted in no solu-
tion with such a region.
The good tracking of Vbus is illustrated in Fig.7 with an absolute average tracking error of 0.56%. Of course, we
can observe the same overshoot problem with a tracking error of 52V at t = 4s. At the end , Fig. 8, represents the
mean value of the duty cycle of the switch, denoted by u, the control input. In order to maintain the value of u between
0 and 1, we added some LMI conditions on the R1 and G2 matrices such that R1RT1 < 
I and G2GT2 > ηI.
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Fig. 5. Power regulation (P and Pre f )
Fig. 6. Input BOOST voltage regulation (Vd and Vdre f )
Fig. 7. Output voltage regulation (Vbus)
5. Conclusion
The main contribution of this paper is the development of wind conversion control system operate in stand-alone
multi-sources systems. Presented strategy deals with tracking reference power of wind conversion system by calcula-
tion of the dc voltage reference of the rectiﬁer output which corresponds to the reference power. By designing robust
output feedback control based on LMI techniques of the boost converter, voltage reference and power reference could
be tracked, alternatively. In order to guarantee a suitable transient performance, the controller gains are computed
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Fig. 8. Control input u
owing to a pole placement approach in LMI regions. It is worth to mention that in this work we developed a general
control output feedback technique and focused only on wind turbine system, whereas this presented strategy could be
exploited for more complex systems like hybrid systems with wind generator, photovoltaic panel, battery storage and
diesel engine, with more uncertainties and non-mesurable parameters.
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